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20 Summary
21 Microorganisms are flushed from the Greenland Ice
22 Sheet (GrIS) where they may contribute towards the
23 nutrient cycling and community compositions of
24 downstream ecosystems. We investigate meltwater
25 microbial assemblages as they exit the GrIS from a
26 large outlet glacier, and as they enter a downstream
27 river delta during the record melt year of 2012. Pro-
28 karyotic abundance, flux and community composition
29 was studied, and factors affecting community struc-
30 tures were statistically considered. The mean
31 concentration of cells exiting the ice sheet was 8.303
32 104 cells mL21 and we estimate that 1.023 1021 cells
33 were transported to the downstream fjord in 2012,
34 equivalent to 30.95 Mg of carbon. Prokaryotic microbi-
35 al assemblages were dominated by Proteobacteria,
36 Bacteroidetes, and Actinobacteria. Cell concentra-
37 tions and community compositions were stable
38 throughout the sample period, and were statistically
39 similar at both sample sites. Based on our observa-
40 tions, we argue that the subglacial environment is the
41 primary source of the river-transported microbiota,
42and that cell export from the GrIS is dependent on dis-
43charge. We hypothesise that the release of subglacial
44microbiota to downstream ecosystems will increase
45as freshwater flux from the GrIS rises in a warming
46world.
47
48Introduction
49The Greenland Ice Sheet (GrIS) has experienced a signifi-
50cant increase in annual surface melt over the past three
51decades (Fettweis et al., 2011), with a net ice mass loss
52over the last two decades (Rignot et al., 2011; Shepherd
53et al., 2012), largely as the result of rising Arctic air temper-
54atures (Hanna et al., 2008). Meltwater accounts for
55approximately a third of this mass loss (Bamber et al.,
562012), the majority of which gets routed through englacial
57and subglacial environments by moulins and crevasses
58(Clason et al., 2015) before emerging from the glacial sys-
59tem (Bartholomew et al., 2011; Chandler et al., 2013). By
602100, the annual freshwater flux from the GrIS is estimated
61to increase by 2002 1600 GT y21 in comparison to the
6219802 1999 mean (equivalent to 2213 cm sea level
63rise; Fettweis et al., 2012), highlighting the sensitivity of the
64world’s second largest source of frozen freshwater to a
65changing climate.
66Recent work has demonstrated the importance of glacial
67meltwaters in delivering nutrients to the polar oceans
68(Bhatia et al., 2013; Wadham et al., 2013; Hawkings et al.,
692014; 2015; Lawson et al., 2014a,b). Projected future
70increases in meltwater runoff (Fettweis et al., 2012) and
71hydrologically active drainage areas (Leeson et al., 2014)
72in a warming climate are anticipated to elevate dissolved
73and particulate material released from subglacial environ-
74ments (Hudson et al., 2014; Hawkings et al., 2015).
75Furthermore, anomalous events, such as atypical
76increases in supraglacial melt and supraglacial lake drain-
77age (Hasholt et al., 2006; Bartholomew et al., 2011) may
78increase in frequency, and influence glacial motion and
79augment subglacial sediment release (Bartholomew et al.,
802011; Hudson et al., 2014). The GrIS has recently experi-
81enced several extreme melt events (Comiso, 2006;
82Tedesco, 2007). The summer of 2012 had the most exten-
83sive and long lasting melt event, with the greatest
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84 observed runoff and net ice mass loss since satellite
85 recordings began in 1979 (Tedesco et al., 2013).
86 Subglacial environments contain active microbial com-
87 munities (Sharp et al., 1999; Skidmore et al., 2000; Yde
88 et al., 2010; Stibal et al., 2012b; Dieser et al., 2014) which
89 mediate chemical weathering (Wadham et al., 2010; 2013;
90 Montross et al., 2013), resulting in the release of solutes
91 and nutrients to subglacial meltwater flows (Tranter et al.,
92 2005; Wadham et al., 2010; 2013; Montross et al., 2013;
93 Hawkings et al., 2015). Bacterial community profiles sam-
94 pled from waters that emanate from beneath Russell
95 Glacier, an outlet glacier southwest of the GrIS, are distinct
96 from nearby supraglacial waters, indicating that microbial
97 communities specific to subglacial environments are
98 released from beneath the ice sheet (Dieser et al., 2014).
99 While recent studies have reported the microbial abun-
100 dance of GrIS supraglacial snow and ice samples to range
101 from 102 to 106 cells mL21 (Cameron et al., 2015; Stibal
102 et al., 2015a), and subglacial basal ice samples to have
103 9 x 105 cells g21 (Stibal et al., 2012a), there are currently
104 no estimates for the magnitude of cells exported from gla-
105 cial environments during the melt season. Microbes
106 transported from glaciers have the potential to influence
107 estuary ecosystems through the import of environmentally
108 suited cells, which may alter nutrient cycles and communi-
109 ty composition (Garneau et al., 2006; Gutierrez et al.,
110 2015). The quantification and description of exported cells
111 is therefore necessary to discern what role they might play
112 in downstream habitats.
113 Here we characterize and quantify microbial cells within
114 meltwater samples from two sites separated by 30 km
115 along the Watson River in southwest Greenland over the
116 2012 melt season (Fig.F1 1). Water was captured at the first
117 site as it exited the southwest of the GrIS, near the Lever-
118 ett Glacier outlet. Water was also collected at a second
119 downstream site, fed by four glacier outlets, prior to enter-
120 ing the river delta of the Søndre Strømfjord. To evaluate
121 spatial and temporal patterns in the microbial assemb-
122 lages, we monitored and compared cell concentrations
123 and community structures at both sites using quantitative
124PCR (qPCR) and 16S rRNA gene sequencing
125approaches, and used multivariate analyses to identify fac-
126tors associated with the presence and diversity of the
127exported microbes. To reduce qPCR analysis biases asso-
128ciated with gene copy quantification from DNA extracts of
129sediment-laden waters (Stibal et al., 2015a), qPCR stand-
130ards were generated using DNA extracts from artificial
131river water samples spiked with prokaryotic cultures, and
132using copy number per cell conversion factors that were
133tailored to the amplicon diversity of each sample. Microbial
134cell export was quantified by combining cell abundance
135with parallel hydrological records (discharge and sus-
136pended sediment). Lastly, the nutritional significance of
137these river-transported microbiota is considered using
138upscaling to estimate the magnitude of microbial release
139across the entire GrIS.
140Results
141Discharge rates, sediment loads and chemistry
142Mean daily discharge at KRS ranged from ca 80 m3 s21,
143at the start and end of the sample period, to ca 2800 m3
144s21, with two distinct peaks; one in early-mid July (DOY;
145190-198), and one late-July to early-August (DOY; 211-
146221, Fig. F22a). The mean annual volume of water passing
147KRS from 2007 to 2013 was 4.446 2.28 km3. Mean
148KRS daily sediment load was< 1.5 g L21 before May 29
149(DOY; 150) and after September 7 (DOY; 251), and fluctu-
150ated between 1.44 g L21 and 4.73 g L21 between these
151dates (Fig. 2a). DOC values are reported in Supporting
152Information Table S2.
153Cell abundance
154Cell abundance, determined by qPCR analysis, was calcu-
155lated to be between 9.48 x 103 cells mL21 to 7.44 x 105
156cells mL21 for all samples (Fig. 2b; mean abundance 1.15
157x 1056 1.38 x 105 cells mL21). Differences between mean
158cell abundances calculated from LRS and KRS across the
159sampling season were not found to be significantly
Fig. 1. Schematic of study site
locations (white crosses) within
the Kangerlussaq locality, and
an inset map of Greenland
showing the overall location
(black rectangle). Glaciated
areas are depicted in white and
ice-free areas are depicted in
light grey. Watson river and the
fjord that it feeds is shown in
dark grey. Arrow depicts north.
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160 different using a two-tailed t-test (LRS mean; 8.30 x
161 1046 9.88 x 104 cells mL21, KRS mean; 1.50 x 1056 1.65
162 x 105 cells mL21, t5 1.30, p50.21). When a two-tailed
163 paired t-test was performed using mean values from pair-
164 wise dates (n5 7), no statistically significant difference
165 was found (t5 0.71, p50.51). No significant correlation
166 was found between cell abundance at LRS or KRS when
167 calculated against discharge rates or sediment loads, with
168 all Pearson’s coefficient r values being<6 0.55 and all p
169 values being>0.16., The mean abundance of archaea
170 within LRS and KRS samples was 2.91 x 10362.19 103
171 cells mL21 and 2.65 x 10362.52 x 102 cells mL21, respec-
172 tively, based on qPCR analysis using archaea specific
173 primers. No correlation was found between the abundance
174 of archaea and discharge rates when a Pearson’s correla-
175 tion analysis was performed (r 5 20.21, p5 0.14).
176 Amplicon sequencing read output
177 After sequence processing, the total number of reads gen-
178 erated from all samples was 889,724, with an average of
179 17,79564678 reads per sample. Sequences were rare-
180 fied to 8670 sequences per sample, which resulted in the
181 omission of a LRS June 3 replicate. After rarefaction the
182 mean number of OTU clusters per sample was
183 621.596225.29. The difference between the mean Catch-
184 All calculated alpha diversity of the rarefied datasets was
185 not significant when calculated using a two-tailed Mann-
186 Whitney U test (mean LRS CatchAll calculated alpha
187diversity; 990.996331.04, mean KRS CatchAll calculated
188alpha diversity; 1404.536 668.70, Z-score521.91,
189p5 0.06).
190Community composition
191KRS and LRS rarefied communities consisted of OTU that
192were most closely related to sequences belonging to 47 dif-
193ferent phylum-level classifications. The majority of amplicons
194were most closely related to six phylum level classifications;
195Proteobacteria (65.3364.85%; 6.95 x 10468.44 x 104
196cells mL21), Bacteroidetes (20.6664.36%; 3.53 x
19710463.88 x 104 cells mL21), Actinobacteria (6.4962.22%;
1985.44 x 10369.08 x 103 cells mL21), Verrucomicrobia
199(1.7561.11%; 1.06 x 10361.42 x 103 cells mL21), Chloro-
200flexi (1.1660.69%; 9.34 x 10261.36 x 103 cells mL21) and
201Acidobacteria (1.0860.58%; 6.65 x 10269.74 x 102 cells
202mL21; Fig. F33a and b). The remaining 41 phylum-level classi-
203fications each had a mean amplicon relative abundance
204of<1%. At the order level, the most dominant OTU were
205most closely related to Burkholderiales (32.7669.31%;
2062.90 x 10463.44 x 104 cells mL21), Flavobacteriales
207(13.4166.78%; 2.47 x 10462.90 x 104 cells mL21) and
208Methylophilales (12.9064.74%; 1.98 x 10462.22 x 104
209cells mL21; Fig. 3c and d), and OTU relating to a further 234
210order level classifications were identified. Cyanobacteria
211related sequences, a potential proxy for supraglacial water
212inputs, comprised 0.1660.12% (2.04 x 10263.76 x 102
213cells mL21) in each community, and no relationship was
Fig. 2. (a) Discharge rates and
sediment loads measured at
KRS. Black depicts discharge,
grey depicts sediment load.
Dashed lines indicate sampling
days. (b) qPCR 16S rRNA
abundance analyses. Grey
triangles depict LRS analyses,
black circles depict KRS
analyses. Error bars depict
standard deviations.
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214 found between discharge and their abundance when a Pear-
215 son’s correlation analysis was performed (r 5 20.22, p 5
216 0.12). The domain Archaea constituted 0.1860.10% and
217 0.2360.14% of the total LRS and KRS prokaryotic ampli-
218 con communities. Archaea related amplicons were
219 predominantly most closely related to Euryarchaeota
220 (0.0660.05%) and Crenarchaeota (0.0560.04%).
221 Factors contributing to community variability. Two-way
222 crossed ANOSIM analysis of amplicon communities
223 grouped by location and by closest sampling date found
224 them to be highly similar (location grouped Global-
225 R5 0.934, p 5 0.001, date grouped GlobalR; 0.997 p 5
226 0.001). Principal component analysis (PCA) identified that
227 65% of variance in microbial community structure was
228 explained within the first 4 axes. To identify the most signifi-
229 cant factors influencing microbial community structure, a
230 redundancy analysis (RDA) was performed with discharge,
231 DOY, location (LRS vs. KRS) and mean daily sediment
232load as the explanatory variables. These variables were
233found to account for 40.2% of variance, with discharge
234accounting for the largest contribution (22.3% of variance
235explained, pseudoF5 13.5, p 5 0.0025), followed by DOY
236(10.7%, pseudoF5 7.3, p 5 0.0025) and location (4.8%,
237pseudoF5 3.4, p5 0.0063).
238Mean daily sediment load was found to be insignificant
239in this analysis (p5 0.068). A subset of data from LRS was
240also analysed from when water chemistry data were avail-
241able (DOY 144-207; see Supporting Information Table S2,
242S3 and S4). PCA explained 74.2% of total variance in the
243data within the first 4 axes. When constrained by DOY, dis-
244charge, mean daily sediment load and water chemistry,
245redundancy analysis explained 73.4% of variance within
246the first 4 axes. Interactive forward selection identified the
247most significant factors, including discharge, pH and nitrate
248concentration (each of them individually explaining 33% of
249variance at p5 0.002), to be highly collinear. Mean daily
250sediment load and DOY were also found significant in the
Fig. 3. Box plot with whiskers showing the relative abundance range, median and mean for OTU grouped by phylum-; (a), (b) and order-; (c),
(d) level classifications, and by LRS; (a), (c) and KRS; (b), (d) sample sites throughout the sampling period. Grey boxes depict 25th - 75th
percentiles, whiskers depict maximum and minimum values, box lines depict median values, and cross depicts mean values. Only
classifications with 1% mean relative abundance are shown. Order names in square brackets are suggested annotations from the
Greengenes database.
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251 analyses (p< 0.001), however, the robustness of this anal-
252 ysis should be taken with caution due to the low number of
253 samples and high number of predictors.
254 One-way ANOSIM analysis of communities from LRS
255 and the secondary site, LRSc, found them to be highly sim-
256 ilar (GlobalR50.987, p 5 0.001).
257 Discussion
258 The abundance of cells within meltwater exiting Leverett
259 Glacier and sampled at the LRS site was stable throughout
260 the study period, indicating that GrIS biomass release
261 scales with meltwater discharge. From this, it follows that
262 fluxes of GrIS-derived biomass will increase alongside
263 climate-influenced elevated melt rates in the future (Mernild
264 et al., 2010; Fettweis et al., 2012), similar to dissolved and
265 particulate material release (Hudson et al., 2014; Hawkings
266 et al., 2015). Community composition at the OTU level and
267 mean cell concentrations calculated downstream at KRS
268 were found to be statistically similar to those at LRS, despite
269 almost 30 km of river length between sites and the inclusion
270 of water from both of the Watson River tributaries at the
271 KRS site. This result suggests that terrestrial microbial
272 inputs were minimal, and that the neighbouring Ørkendalen
273 and Isorlersuup glaciers to the south of Leverett Glacier are
274 releasing similar microbial assemblages in similar
275 discharge-influenced cell concentrations. This study there-
276 fore indicates that the glacial environment is the
277 predominant source of biomass transported downstream to
278 the Søndre Strømfjord delta, and in this respect, we can
279 view the Watson River drainage system as a conceptual
280 “pipe” connecting the glacial environment, and its associated
281 microbes, to the estuary. This model contrasts to previous
282 studies that have found downstream river communities to be
283 seeded by adjacent soils (Crump et al., 2012), modified by
284 flowing through lentic environments (Crump et al., 2007;
285 Adams et al., 2014), and varying with catchment area (Savio
286 et al., 2015). In the case of the sampled Watson River, volu-
287 minous glacial melt may markedly dilute smaller riparian
288 and lake signal inputs, and bedrock substrata may limit
289 hyporheic exchange. Furthermore, we estimate that the river
290 transit time between LRS and KRS sample points was
291 2.728.1 h, using estimates of Watson River flow rates
292 (12 3 m s21), which is substantially shorted than the multi-
293 day residence time of water traveling through lentic environ-
294 ments (Crump et al., 2007; Adams et al., 2014); equating to
295 a reduced microbial water residence time during which pro-
296 karyotic community compositions can develop, independent
297 of input sources (Adams et al., 2014).
298 Data pertaining to cell concentrations in GrIS glacial melt-
299 waters are currently unreported, however, prokaryotic cells
300 were found to be an order of magnitude more concentrated
301 within LRS samples than within surface ice meltwater sam-
302 ples analysed from Russell Glacier in 2012 (8.38 x
30310369.85 x 103 cells mL21 calculated from 13 samples col-
304lected between 7 June and 25 August; Cameron and Junge;
305unpublished). When compared to surface ice meltwaters
306from Midre Lovenbreen glacier in Svalbard, waters at LRS
307were found to be four fold more concentrated than combined
308bacterial, archaeal and eukaryotic cell concentrations
309reported by Irvine-Fynn et al. (2012; 2 x 104 cells mL21),
310and two to four fold higher than concentrations reported by
311Mindl et al. (2007; 1.38 x 104 to 4.84 x 104 cells mL21). Pro-
312karyotic cells sampled from LRS and KRS were an order of
313magnitude less abundant than the bacterioplankton sampled
314from river and estuary waters of the Lena River, the second
315largest Arctic Ocean river input (>1.5 x 106 cells mL21;
316Sorokin and Sorokin, 1996; Dittmar and Kattner, 2003), and
317were of similar abundance to waters sampled from Macken-
318zie River, the fourth largest Arctic Ocean river input (6.3 x
319105 cells mL21; Garneau et al., 2006; Dittmar and Kattner,
3202003), and a Patagonian glacial-fed fjord (105 cells mL21;
321Gutierrez et al., 2015). Given the size of the Lena and Mac-
322kenzie river catchment areas (2.4 x 106 km2 and 1.8 x 106
323km2 respectively; Holmes et al., 2000; Emmerton et al.,
3242008), the variety of landscapes through which they flow,
325and the rich marine and terrestrial biotic and nutritional
326inputs that Patagonian fjord waters receive, the comparable
327cell abundance of these systems to LRS and KRS waters
328highlights the notable concentrations of biota that are
329exported from the GrIS during the melt season. Our study
330was coincidentally performed during the highest discharge
331year since records began in 1979 (Tedesco et al., 2013),
332however, most of this melt event was captured during two
333distinct peaks, which were not sampled in this study (Fig.
3342a), and we therefore believe our reported concentrations to
335be representative estimates. We however note that beyond
336the filtration of samples through 0.22 mm polyethersulfone fil-
337ters (Liang and Keeley, 2013), no steps were taken to
338further reduce or quantify the amplification of extracellular
339DNA (e.g Nielsen et al., 2007, Kim et al., 2016), therefore
340our values may overestimate abundance.
341LRS and KRS communities were diverse and dominated
342by Proteobacteria, Bacteroidetes and Actinobacteria. Like
343the subglacial outflow waters of Russell Glacier (Dieser
344et al., 2014), samples from both sites were found to have
345high percentages of OTU that were most closely related to
346Burkholderiales, and OTU related to Actinomycetales, Fla-
347vobacteriales, Methylococcales and Methylophilales were
348all found to have relative abundances of >1% in both
349studies. Likewise, OTU related to orders Burkholderiales
350and Gallionellales, which contain a high numbers of iron-
351oxidizing chemolithotrophic bacteria, were found to be pre-
352dominant within these samples (Fig. 3) and within samples
353taken from the subglacial environment of Robertson
354Glacier, Canada (Hamilton et al., 2013).
355Cyanobacteria comprised 0.2% of samples from both
356sites, similar to previous reports of subglacial
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357 environments (Hamilton et al., 2013; Dieser et al., 2014).
358 Since Cyanobacteria typically dominate surface ice and
359 associated debris (with up to 80% relative abundance,
360 Stibal et al., 2015b; Cameron et al., 2016), this result sug-
361 gests that the majority of biomass within this study
362 originated from the subglacial environment. In contrast, a
363 study from a small subglacial outflow of Russell Glacier
364 found that only 21% of sequences were unique to its sub-
365 glacial environment (Dieser et al., 2014), while 76% were
366 common to both supra- and subglacial libraries. While the
367 subglacial drainage network of Leverett Glacier is likely
368 substantially more extensive than that of Russell Glacier,
369 leading to a greater subglacial signal in meltwater, caution
370 should nevertheless be taken when using biotic signatures
371 to determine the origins of microbial material.
372 Of the minimal dissimilarities found between the tempo-
373 rally sampled microbial assemblages, discharge explained
374 between 20-30% of variance, with sample date also being
375 significant. This is likely to be the result of a seasonally-
376 developing subglacial drainage system (Bartholomew
377 et al., 2011; Chandler et al., 2013), facilitating the release
378 of different reserves of subglacial microbiota as the area of
379 subglacial drainage expands further from the margin.
380 Changes in the proportion of supraglacial to subglacial
381 source water may also contribute to the variance in the
382 community structure data; however, the lack of correlation
383 between discharge and the relative abundance of Cyano-
384 bacteria does not corroborate this explanation. One way
385 that supra- and subglacial contributions could be discerned
386 is by sampling during “outburst events”, which are discreet
387 periods of subglacial flushing that occur several times per
388 melt season (Hawkings et al., 2014). As our sampling
389 regime was not explicitly designed to test this, outburst
390 peaks were not captured in this study (although sample
391 DOY 177 may be on the rising limb of the first outburst,
392 Fig. 2a). Sampling outburst events may offer future insight
393 into the composition and ecology of subglacial microbial
394 communities, and may shed additional light onto potential
395 estuarine contributions.
396 Over the course of the 2012 melt season, we estimate
397 that a total volume of 6.83 km3 of water passed the KRS
398 sample site. The mean cell abundance at KRS was calculat-
399 ed to be 1.50 x 105 cells mL21, which equates to 1.02 x
400 1021 cells, or 30.95 Mg of cell associated carbon,
401 5.94 Mg of cell associated nitrogen, and 1.54 Mg of cell
402 associated phosphorus flowing into the fjord (based on mean
403 cellular carbon and nitrogen contents of surface coastal bac-
404 terial assemblages; 30.2 fg C cell21 and 5.8 fg N cell21,
405 respectively; Fukuda et al., 1998, and a P:C ratio of 0.05;
406 Fagerbakke et al., 1996, TableT1 1). Based on mean early- to
407 mid-melt season DOC (0.26 lg mL21), and mean 2009 and
408 2010 particulate organic carbon concentrations from Leverett
409 Glacier (2.33 lg mL21; Lawson et al., 2014b), we estimate
410 that a total of 17.68 x 103 Mg of organic carbon flowed into
411the fjord during the 2012 melt season, and that cell biomass
412contributed towards 0.18% of this (Table 1). Estimates of
413total organic nitrogen flux to the fjord were calculated to be
4141.02 x 103 Mg, using mean dissolved organic nitrogen con-
415centrations (0.026 lg mL21; Wadham et al., submitted) and
416estimates of particulate nitrogen from Leverett Glacier out-
417flow water sampled in 2015 (0.12 lg mL21; Kohler, Zarsky,
418Stibal et al., unpublished). We estimate that cells account for
4191.40% of the total organic nitrogen that flowed to the fjord.
420Mean total organic phosphorus concentrations were calculat-
421ed to be 0.03 lg mL21 (dissolved organic phosphorus; DOP;
4220.001 lg mL21; Hawkings et al., 2016, particulate organic
423phosphorus; 0.03 lg mL21), amassing to  225.49 Mg of
424organic P flowing into the fjord, of which we estimate that
4250.68% originates from biomass (Table 1). Estimates of the
426percentage contribution of cells to organic C and N fluxes at
427KRS were approximately half of those calculated from the
428four largest Arctic Ocean river inputs (Yenisey, Lena, Ob and
429Mackenzie rivers, termed “Big-4 Arctic rivers” herein; Table
4301). Estimated KRS cellular contributions to DOP was three
431fold higher than the Big-4 Arctic rivers calculated cellular per-
432centage contribution, however it should be noted that there
433was an order of magnitude difference between DOP concen-
434trations calculated from Lena River (Dittmar and Kattner,
4352003) and Mackenzie River (Emmerton et al., 2008) sampled
436waters. As far as the authors are aware, the particulate
437organic phosphorus fraction of the Lena and Mackenzie Riv-
438er systems is unreported so cellular contribution to TOP
439cannot be commented on.
440The mean freshwater runoff across the whole of the
441GrIS was estimated to be 419.346 54.22 km3 yr21
442between 2000 and 2006 (Fettweis, 2007). Assuming that
443glacial discharge cell concentrations are homogenous
444across the GrIS, and that they are stable between melt
445years, based on cell abundance at KRS we calculate that
4466.29 x 1022 cells yr21 are transported from the ice sheet
447to surrounding environments, equating to 1900 Mg yr21
448of cell associated carbon, 365 Mg yr21 of cell associated
449nitrogen, and 95 Mg yr21 of cell associated phosphorus.
450This cell flux was at least seventeen times lower than the
451combined estimated flux from the Big-4 Arctic rivers, which
452individually have similar annual discharge rates to the esti-
453mated annual GrIS freshwater runoff (discharge rates
454range from 249 - 333 km3 yr21, Mackenzie River, to 562 -
455577 km3 yr21, Yenisey River; Dittmar and Kattner, 2003).
456The estimated C, N and P nutrient contributions to down-
457stream environments is an order of magnitude lower than
458exports from the Big-4 Arctic rivers (Table 1). However,
459while cells within Arctic glacier and ice sheet-fed rivers sys-
460tems are found to contribute minimally towards nutrient
461budgets, we argue that the focus of their importance lies
462within the ability of viable and environmentally suited
463microorganisms, regardless of their abundance (Wilhelm
464et al., 2014), to recycle organic nutrients within
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465 downstream fjord, estuary and delta environments. Our
466 estimates of cell export from the GrIS were calculated
467 using mean freshwater runoff values and prokaryotic abun-
468 dance estimates from four glacial outlets in southwest
469 Greenland. These estimates neither account for cell loss
470 or freshwater flux from solid ice discharge or tundra runoff,
471 which together amount to approximately two thirds of the
472 freshwater flux from Greenland (Bamber et al., 2012), nor
473 do they consider the transportation of eukaryotes from the
474 glacial environment. Supraglacial communities have been
475 found to vary spatially across the GrIS (Cameron et al.,
476 2016), and we therefore envisage that subglacial GrIS
477 communities will similarly vary spatially as a result of
478 changing environmental conditions such as bedrock geolo-
479 gy and nutrient availability, as has been considered in
480 subglacial systems previously (Stibal et al., 2012a). We
481 therefore consider that our estimates of cells release are
482 conservative and oversimplified, however they nonetheless
483 provide a valuable first insight into the potential biological
484 significance of the GrIS to downstream environments.
485 In summary, bacteria and archaea were exported from
486 Leverett Glacier, an outlet of the Greenland Ice Sheet, in
487the order of 8.30 x 104 cells mL21, with Proteobacteria,
488Bacteroidetes and Actinobacteria dominating these micro-
489bial assemblages. We propose that the subglacial
490environment is the primary source of biomatter that passes
491LRS and KRS sample sites. Since biomass release scales
492with discharge, we hypothesise that as meltwater from the
493GrIS increases in a warming world, so too will the displace-
494ment of subglacial biota to surrounding ecosystems. The
495role that these microbes play in estuaries is at present
496poorly described, therefore investigation into how these
497communities are assembled is timely during this current
498period of deglaciation.
499Experimental procedures
500Study sites
501The Watson River overrides Archaen gneiss and granite (Hen-
502riksen et al., 2009) and is made up of two main tributaries that
503drain four major lobes of the GrIS in southwestern Greenland,
504including, from north to south, Russell, Leverett, Ørkendalen
505and Isorlersuup glaciers (Fig. 1). Leverett Glacier has a hydro-
506logically active drainage area of 600 km2 (Cowton et al.,
5072012). Russell and Leverett glacial melt rivers combine to
Table 1. Analyses of the estimated yearly prokaryotic contribution of C, N and P from LRS, KRS, the GrIS and the Big-4 Arctic rivers (Yenisey,
Lena, Ob, and Mackenzie rivers).
LRS; 2012 KRS; 2012 a
GrIS;
2000 – 2006 a,b Big-4 Arctic rivers c
Discharge (km3 yr21) 2.2 d 6.83 e 419.34 f 1740 – 1860 g
TOC (Mg yr21) 5695.51 h 17681.98 1.09 x 106 1.40 x 107 – 1.75 x 107 g
TON (Mg yr21) 329.46 i 1022.83 62798.18 5.20 x 105 – 7.40 x 105 g
TOP (Mg yr21) 72.63 j 225.49 13844.09 –
DOP (Mg yr21) 2.32 j 7.19 441.56 23200 – 38000 k
Cells yr21 (x1020) 1.83 10.25 629.01 >11000 l
Estimated cellular C (Mg yr21) 5.52 30.95 1900.30 >33200
% contribution of cellular C 0.10 0.18 – 0.24
Estimated cellular N (Mg yr21) 1.06 5.94 364.94 >6380
% contribution of cellular N 0.78 1.40 – 1.23
Estimated cellular P (Mg yr21) 0.28 1.54 95.01 >1660
% contribution of cellular P 0.38 m 0.68 m – >7.15 n
12.09 n 21.41 n
Percentage contibution of cellular nutrient refers to the calculated percentage of estimated annual mass flux of cell associated nutrient relative
to total annual mass flux of the nutrient.
a. Chemistry based on analyses from LRS.
b. Cell abundance based on estimates from LRS.
c. estimates are based on the lowest values from references.
d. Hawkings et al., 2014.
e. Measurements made May 9 - October 14.
f. Fettweis, 2007.
g. Dittmar and Kattner, 2003.
h. Lawson et al., 2014b.
i. Wadham et al., submitted, particulate N based on 2015 Leverett outflow data (0.12 lg mL21; Kohler, Zarsky, Stibal et al., unpublished), and
mean sediment loads from LRS (1.088 g L21; Hawkings et al., 2014).
j. Hawkings et al., 2016.
k. Estimated from mean Lena river (Cauwet and Sidorov, 1996) and Mackenzie River (Emmerton et al., 2008) DOP concentrations, and dis-
charge volumes (Dittmar and Kattner, 2003).
l. Sorokin and Sorokin, 1996, Garneau et al., 2006.
m. Percentage based on TOP.
n. Percentage based on DOP.
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508 form the Akuliarusiarsuup Kuua, which flows through the
509 Sandflugtsdalen valley and serves as the northern tribury to
510 the Watson River, which discharges into the Søndre
511 Strømfjord. The southern tributary, Qinnguata Kuussua, flows
512 through the Ørkendalen valley and drains the Ørkendalen and
513 Isorlersuup glaciers (Lindb€ack et al., 2014) before converging
514 with the Akuliarusiarsuup Kuua upstream of Kangerlussuaq.
515 The Qinnguata Kuussua is broader than the Akuliarusiarsuup
516 Kuua, and several proglacial lakes are present. Due to difficul-
517 ty in accessing the Qinnguata Kuussua it was not possible to
518 monitor this tributary.
519 Sampling and measurements were undertaken between
520 10 May and 26 September 2012 (Supporting Information
521 Table S1), encompassing the record breaking melt year
522 (Tedesco et al., 2013). Two sampling sites were selected in
523 order to distinguish between material immediately exiting the
524 GrIS and upon entering the fjord. The inland Leverett River
525 site (LRS; 678 3.92’N, 508 9.91’W) captured the subglacial
526 outflow waters from Leverett Glacier. Due to anomalously
527 high waters making LRS inaccessible, an alternative site
528 (LRSc; 678 4.25’N, 508 17.17’W) ca 5 km downstream at the
529 confluence of Leverett and Russell glacial outflow rivers was
530 used from 16 August onwards (three sampling events, Sup-
531 porting Information Table S1; Fig. 1). The abbreviation LRS
532 is used to refer to both sites, unless otherwise stated herein.
533 The downstream Kangerlussuaq river site (KRS; 678 0.30’N,
534 508 41.18’W) was situated ca 27 km downstream along the
535 Akuliarusiarsuup Kuua, below the convergence with the
536 Qinnguata Kuusua, and immediately before the Watson
537 River empties into the delta at the head of the Søndre
538 Strømfjord (Fig. 1).
539 Discharge, sediment load and chemistry
540 The methods used for measuring and calculating discharge
541 and sediment load at KRS are described in Hasholt et al.
542 (2012). Discharge and sediment load were collected from
543 2007 until 2013. Chemical analyses of the sampled waters
544 have been reported previously (Hawkings et al., 2014; 2015;
545 2016; Wadham et al., submitted) and are summarized with
546 permission in Supporting Information Tables S2, S3 and S4.
547 Mean particulate organic P was calculated from 6 LRS sam-
548 ples taken on day of year 2012 (DOY) 131, 145, 168, 177, 184
549 and 207 (Hawkings et al., 2016). Data for dissolved organic
550 carbon (DOC) were determined by high temperature combus-
551 tion catalytic oxidation (6808C) using a Shimadzu TOC-V
552 analyser (Kyoto, Japan) with a high sensitivity catalyst, as
553 described by Lawson et al. (2014b). Precision and accuracy
554 were<6 7% and the limit of detection was <1 lM.
555 Microbiology
556 For microbiological analyses, triplicate river water samples
557 were collected into sterile 50 mL syringes and were immedi-
558 ately filtered through Sterivex-GP 0.22 mm polyethersulfone
559 filters (Millipore, Billerica, MA) until the filter clogged (35 -
560 175 mL depending on the suspended sediment content; vol-
561 umes filtered per date and location are shown in Supporting
562 Information Table S1). Liquid was expelled from the filters, fil-
563 ter inlets and outlets were closed using sterile caps, and filter
564units were stored at 2208C within 20 minutes from collection,
565or were stored next to frozen icepacks for up to two hours prior
566to storage at 2208C. Samples were transported frozen to
567home laboratories in Copenhagen.
568DNA extraction from filtered samples was performed no lat-
569er than two weeks after collection. The filters were thawed at
570room temperature in a sterile laminar flow cabinet and DNA
571was extracted using the PowerWater Sterivex DNA Isolation
572Kit (MO BIO Laboratories, Carlsbad, CA) following the manu-
573facturer’s protocol. An unused Sterivex filter was extracted
574alongside each batch of extractions as a procedural control.
575These procedural controls were processed for sequence
576library preparation until the point of quantification.
577Prokaryotic 16S rRNA genes from river sample DNA
578extracts were quantified, relative to the DNA extracts of artifi-
579cial river water standards, by using a qPCR set-up with primer
580pairs 341F (50-CCTACGGGAGGCAGCAG-30) and 518R
581(50-ATTACCGCGGCTGCTGG-30; Muyzer et al., 1993) to
582target prokaryotic 16S rRNA genes, and 931F (50-
583AGGAATTGGCGGGGGAGCA-30; Jackson et al., 2001) and
5841100R (50-BGGGTCTCGCTCGTTRCC-30; Einen et al., 2008)
585to target archaeal 16S rRNA genes. Cell abundance data was
586generated using qPCR analyses in combination with the
587mean 16S rRNA gene copy number per cell for each sample,
588based on reference Greengenes OTU 16S rRNA gene copy
589numbers per cell (Langille et al., 2013). The mean 16S rRNA
590gene copy number per cell of the standard inoculant mix was
5912.186 0.40 copies cell-1 for prokaryotes and 3.0060.00 cop-
592ies cell-1 for archaea. The mean 16S rRNA gene copy
593number per cell of the samples was 2.986 0.23 copies cell-1
594for prokaryotes and 1.836 0.47 copies cell-1 for archaea
595based on non-rarefied amplicon diversity. Reaction mixtures
596(20 lL total) consisted of 1 lL of template DNA, 10 lL of
597SYBR Premix DimerEraser (TaKaRa, Japan) and 0.8 lL of
598the forward and reverse primers (10 pmol lL21). The cycle
599program was 958C for 30 s followed by 50 cycles of 958C for
60030 s, 558C for 30 s for primer pair 341F-518R, or 648C for 30 s
601for primer pair 931F-1100R, and 728C for 30 s. The reaction
602was completed by a final 728C elongation step for 6 min and
603followed by high-resolution melt curve analysis in 0.58C incre-
604ments from 55 to 988C. The abundance of bacteria and
605archaea in the samples was determined using qPCR on a
606CFX96 Touch real-time PCR detection system (Bio-Rad, CA).
607All qPCR reactions were performed in duplicate and were pre-
608pared under DNA free conditions in a pressurized clean-lab
609with a HEPA filtered air inlet and nightly UV-irradiation. Beyond
610the filtration of samples through Sterivex-GP 0.22 mm polye-
611thersulfone filters, no further steps were taken to prevent or
612quantify the amplification of extracellular DNA. In order to
613achieve accurate cell abundance quantification unbiased by
614DNA extraction, procedural qPCR standards were prepared.
615Heat-sterilised (4508C for 8 hours) river sediment from the
616Watson River delta was re-suspended in autoclaved deionised
617water using a ratio of 2 g sediment per litre in order to
618simulate the natural river sediment load. Cultures of the aero-
619bic heterotroph Variovorax paradoxus (Betaproteobacteria),
620methanotroph Methylosinus sporium (Alphaproteobacteria)
621and methanogen Methanosphaerula palustris (Euryarch-
622aeota), representing typical components of a subglacial
623community (Stibal et al., 2012), were counted using epifluor-
624escence microscopy and then immediately added to the
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625 sediment suspension in a 9:1:1 ratio to obtain a final concen-
626 tration of 1.1 x 109 cells g21 sediment. Serial dilutions (1:10)
627 of the artificial river water were prepared to generate five fur-
628 ther concentrations, down to 1.1 x 104 cells g21 sediment. A
629 blank standard containing no cells was also included. Each
630 procedural standard (60 mL) was filtered through a Sterivex fil-
631 ter. Filters were then sealed with sterile caps and frozen at
632 2208C for at least 24 h, before DNA was extracted from them
633 following the same protocol as for the samples.
634 Sequence library preparation from DNA extracts, sequenc-
635 ing and downstream quality filtering and analysis was
636 performed as described in Cameron et al., 2016, with the
637 exception that samples were rarefied to 8670 sequences per
638 sample. This protocol has been included as supplementary
639 information. All negative and procedural controls that were
640 processed for sequence library preparation had a final DNA
641 concentration of 0.8 ng mL21, therefore these amplicons
642 were not sequenced. Operational taxonomic units (OTU) were
643 defined as sequences that possessed 97% identity. Ampli-
644 con data are available at The European Bioinformatics
645 Institute under study accession number PRJEB12394. (http://
646 www.ebi.ac.uk).
647 Statistical analyses
648 CatchAll (Bunge, 2011) was used to calculate parametric
649 alpha diversity. Untransformed Bray–Curtis resemblance and
650 analysis of similarity (ANOSIM) were calculated from OTU
651 matrices using PRIMER-E version 6 (Plymouth, UK). Multivar-
652 iate statistical analysis was used to explain the variation in the
653 community composition data as a function of sample location
654 and environmental variables. The relative abundance data
655 were arcsinx transformed prior to analysis. All data were
656 standardised and centred. Detrended canonical correspon-
657 dence analysis (DCCA) was used to determine the length of
658 the gradient along the first ordination axis in order to select
659 the appropriate method for ordination of the data. A combina-
660 tion of unconstrained and constrained analysis was used to
661 explain the variation in the data. Interactive forward selection
662 with 999 Monte Carlo permutations was used in the con-
663 strained analysis. The p values were corrected for multiple
664 testing using false discovery rate. All multivariate data analy-
665 ses were performed using the software Canoco 5
666 (Microcomputer Power, NY).
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